The effect of incorporation of plasmonic gold (Au) nanoparticle at the interface between transparent front electrode and hole transporting layer of molybdenum trioxide is studied using bulk heterojunction organic photovoltaic cells (OPVs) of poly-3-hexylthiophene and phenyl-C 61 -butyric acid methyl ester (P3HT:PC 61 BM) fabricated in ambient air condition as a model system. The current-voltage measurement of ITO/MoO 3 /P3HT:PC 61 BM/Al and Au incorporated OPVs under AM1.5G light of intensity 1 Sun showed 16% increase in short circuit current density (J SC ) and a 25% improvement in power conversion efficiency (PCE) with the incorporation of Au nanoparticles. The external quantum efficiency (EQE) measurement showed values varying from 40% to 60% over a wavelength range 350 nm to 700 nm with EQE enhancement over a broad spectral window. Scanning electron microscope studies were used to study the morphology of the Au nanoparticles made.
Introduction
Research in organic photovoltaic (OPV) has progressed significantly during the last decade in an attempt to make OPV of high power conversion efficiency which is comparable to its inorganic counter parts. Methods such as designing new molecules with different band gaps, using different interfacial hole transporting and electron transporting buffer layers, utilization of different device architectures are some of them followed in this direction. Motivation for such steps evolved based on the photophysical processes such as absorption, exciton generation, exciton diffusion, exciton dissociation, free carrier generation, free carrier transport and free carrier transfer to the external circuit that are involved in OPVs upon incident light. However, despite these strategies, the power conversion efficiency (PCE) of OPVs may be low in thin-film architectures when compared to high-end inorganic counterparts. This is mainly due to the trade-off between parameters such as light absorption exciton diffusion and charge transport [1] [2] [3] . Photo-generated excitons (bound electron-hole pairs) can diffuse only over very limited lengths (in the order of tens of nanometers), which can severely limit free carriers generation from exciton dissociation. Bulk heterojunction and multilayer thin film approach has been explored to overcome this difficulty with partial success [1] [2] [3] [4] [5] [6] . But the thin film architecture with an aim to compensate the poor intrinsic hole and electron mobility results in an absorption loss due to less thickness of the film compared to the path length of the light absorbed. To overcome weak absorbance of the photoactive layer in thin film architecture, which is one of the significant limiting factor to the efficiency of OPVs, several approaches such as the application of periodic nanostructures for light trapping in the active layer, the use of inorganic optical spacer between active layer and metal electrode, reabsorption of light by periodic structure coated with dyes and the incorporation of metal nanos-tructures to increase the absorption of organic materials due to the high electromagnetic field strength in the vicinity of the excited surface plasmons (Plasmonics) have been studied [7] [8] [9] [10] . Plasmonics is one of emerging technologies and has been gaining great attention since enhanced photocurrent in Si-solar cells by plasmonic resonance of metal nanoparticles was demonstrated [11, 12] . Such enhancement originates from coupling of strongly scattered light by metal nanoparticles into a Si layer. The application of metal nanoparticles enhances the light absorption in solar cells by causing near-field enhancement as well as enhancing the forward scattering cross section. Metallic nanoparticles or periodic structures integrated on top of the absorbing material [5] , metallic nanoparticles integrated into the active materials [9] , and metallic periodic structures or random metallic nanoparticles placed on the back contact surface to use surface plasmon polaritons excited at metal/dielectric interface are some of the ways of enhancing the optical absorption in solar cells which have been extensively investigated [10] . Ag and Au spherical nanoparticles have been introduced in a buffer layer or in an active layer for optical absorption enhancement in OPVs [13] [14] [15] [16] . Jung et al. reported 18% PCE enhancement in OPVs by introducing nanobump assembly with a layer of MoO 3 over aerosol-derived Ag nanoparticles [17] . But processing of nanoparticle without aggregation is a difficult task and nanoparticle aggregation affects the performance of the device by contributing to the series resistance and shunt resistance of OPVs. In an attempt to overcome such issues and improve the light collection of OPVs, Au nanoparticle thin film is introduced in between the front transparent electrode and hole transporting buffer layer and studied the OPV performance improvement using bulk heterojunction (BHJ) OPVs of poly-3-hexylthiophene and phenyl-C 61 -butyric acid methyl ester (P3HT:PCBM) fabricated in ambient air condition as a model system in this article.
BHJs based on P3HT:PCBM as an active layer has been extensively studied during the last decade. Most of these OPVs use acidic poly(3,4-ethylenedioxythiophene):poly (styrene-sulfonate) (PEDOT:PSS) as hole transporting layer. Chemical degradation occurs at the interface between transparent front electrode, indium tin oxide (ITO) and PEDOT:PSS in the presence of water and results in poor performance of the OPV over time [18, 19] . Hence an inorganic metal oxide, molybdenum trioxide (MoO 3 ), which is more stable compared to PEDOT:PSS is used an hole transporting layer in this study to make much more stable OPVs in ambient air conditions. Moreover, MoO 3 thin films have a work function of 5.44 eV which is similar to the acidic PEDOT: PSS.
Experimental Proceedure
Photovoltaic devices with ITO/Au/MoO 3 /P3HT:PCBM/Al and ITO/MoO 3 /P3HT:PCBM/Al structure were made for the present study. Gold nanoparticles for plasmonic interfacial layer were synthesized by the addition of oleyl amine and TIPS (Triisopropylsilane) with gold chloride precursor in hexane [20] . As per the synthesis procedure, 6 mg of gold chloride was dissolved in 12 ml of hexane and sonicated (Branson Ultrasonicator) for 10 minutes to obtain a yellow solution. This is followed by the addition of 80 µl of oleyl amine. A color change from pale yellow to red appeared. The solution was left undisturbed for 6 hours after the addition of 150 µl of TIPS. Figure 1(a) shows the camera images of the corresponding solutions. High concentration of nanoparticles in hexane is used for good quality gold nanoparticles thin films. (All high purity chemicals are procured from Sigma Aldrich and is used as obtained)
All the devices were made on ITO coated glass substrates with a sheet resistance of 5-10 Ω/2 (Delta Technologies USA). Prior to deposition of buffer layer, all the ITO coated glass plates were cleaned by ultrasonicating the slides in bath containing detergent, acetone, isopropyl alcohol, methanol and deionized water for 20 minutes each sequentially. This is followed by a 12 hour drying of the cleaned ITO coated glass plates in a vacuum oven at 110 ∘ C. Finally the ITO plates were treated with UV Ozone to remove organic impurities. MoO 3 films of optimized thickness of 7 nm were thermally evaporated at a vacuum of 10 −6 mbar and the thickness is moni- Absorbance and reflectance spectra were recorded on a Perkin-Elmer UV-Vis-NIR spectrometer. X-ray diffraction (XRD) spectra were recorded at room temperature on a PANalytical MRD x-ray diffractometer using Cu Kα radiation (λ = 1.5406 Å). The thickness of individual layers was measured using Dektak 6M stylus profiler with an error margin of~± 5 nm. Photoluminescence measurements were done using a Horiba fluorimeter. The current vs. voltage (I-V) characterization in dark and under illumination was performed at ambient atmosphere using a Keithley 6430 Source-Measure Unit. Oriel Sol3A solar simulator with 100 mW/cm 2 AM1.5G illumination, calibrated with an NREL certified Si photodiode is used as illumination light source. The external quantum efficiency (EQE) measurements were done using a lock-in technique with a 250 W xenon lamp coupled with a Newport monochromator and chopped at 40 Hz with a light chopper blade as light source. A lock-in amplifier (SRS 830, Stanford Research Systems Inc. USA) was used to measure currents and a NIST calibrated silicon photodiode was used to find the incident power spectral response of the incident light. The measurements were done using shadow masks to avoid edge effects and proper mismatch factor was taken to square off the spectral mismatch for calculating PCE and EQE [21, 22] . All the measurements were done in ambient conditions.
Results and Discussion
The effect of incorporation of plasmonic Au nanoparticle at the ITO/MoO 3 interface is studied using various electrical, optical and spectroscopic methods and are analyzed in detail. In order to understand the Au nanoparticle contribution to the overall performance of the OPVs, synthesized nanoparticle were examined using XRD and UVVis-NIR absorption spectroscopy. The fcc structure of Au nanoparticles grown by quick reduction was confirmed by the x-ray diffraction (XRD) pattern as shown in Figure 1 (Figure 1(b) ). The UV-Vis absorption spectra of the gold nanoparticles in solution ( Figure 3) showed a broad spectral windows extending to 850 nm with a strong localized surface plasmon resonance peaking in the visible region (peak wavelength (λ)~526 nm). The broadness, especially in the far red region is advantageous for solar cells as the number of photons per unit incident intensity is higher in this region. The broadness of UV-Vis absorption spectra can be attributed to the presence of aggregates along with nanoparticles of smaller size. In gold nanoparticles with a size range of 2-99 nm, it is expected that the position of the maximum optical absorption appear between λ~520 and λ~580 nm [23] . Most of the nanoparticle are spherical in nature with characteristic absorption peak at λ~526 nm [24] and is confirmed by the morphology analysis using SEM. The effect of incorporation of such nanoparticle at the ITO/MoO 3 interface on effective absorption is studied by comparing the UV-Vis absorption spectra of ITO/MoO 3 /P3HT:PCBM and ITO/Au/MoO 3 /P3HT:PCBM structure (thickness of the individual layers were kept same as that used in the optimized best performing devices for comparison) as shown in Figure 3 . The UV-Vis absorption spectra of the ITO/MoO 3 /P3HT:PCBM showed additive absorption features of both P3HT and PCBM with an absorption edge at 660 nm. The absorption spectra is characterized by a big peak at λ~500 nm, small peak at 390 nm followed by two shoulder at λ~540 nm and λ~600 nm. P3HT contribute significantly to the absorption in the wavelength range 450 to 660 nm and PCBM in the wavelength range < 450 nm [25] . In the case of ITO/Au/MoO 3 /P3HT:PCBM, the effective absorption over a spectral range 320 nm to 750 nm show an enhancement. There is 18% enhancement at λ~400 nm and 11% enhancement at λ~500 nm. The extended absorption edge of the ITO/Au/MoO 3 /P3HT: PCBM to 750 nm may be due to activation of absorption edge states of PCBM as PCBM is reported to have inter sub-band states [26] . This optical absorption enhancement originates from the local field enhancement by the localized surface plasmon resonance (LSPR) effect due to the Au nanoparticle at the ITO/MoO 3 interface. The effective coupling of the LSPR of Au to the active layer was studied using photoluminescence (PL) measurement on ITO/MoO 3 /P3HT and ITO/Au/MoO 3 /P3HT structure with excitation light incident through the ITO side. Two wavelengths, 500 nm and 530 nm were selected for excitation and the PL spectra are as shown in Figure 4 . PL of ITO/Au/MoO 3 /P3HT enhances 29% at 725 nm and 33% at 655 nm compared to that of ITO/MoO 3 /P3HT for the excitation λ of 530 nm. Similarly, an increase of 10% in PL is observed at λ~725 nm and 12% at λ~655 nm respectively for ITO/Au/MoO 3 /P3HT compared to ITO/MoO 3 /P3HT for an excitation λ of 500 nm. Even though the PL has shown appreciable enhancement in the ITO/Au/MoO 3 /P3HT in comparison with that of ITO/MoO 3 /P3HT for excitation at 500 nm and 530 nm, significant improvement in PL was observed for excitation at 530 nm. This is attributed to effective coupling of LSPR of Au to P3HT at 530 nm (which is near to the plasmon resonance frequency compared to 500 nm) there by increasing the net absorption of P3HT [15, 16] .
The improvements in the effective absorption were reflected in the EQE spectra of ITO/Au/MoO 3 /P3HT: PCBM/Al as it showed an enhanced EQE over a broader spectral window, similar to the absorption spectra, with EQE edge extending to 750 nm. The EQE of ITO/MoO 3 /P3HT: PCBM/Al show an enhanced photocurrent generation in the range 750 nm to 600 nm. The extended EQE edge can be attributed as the contribution from weakly bound excitons of PCBM due to inter subband states [26] . The EQE peaks at 600 nm which is the absorption shoulder of P3HT. Further, the EQE follows the absorption spectra and shows contribution from PCBM at λ < 450 nm. EQE of ITO/Au/MoO 3 /P3HT:PCBM/Al show similar spectral envelope with enhanced EQE values over a broad spectral range extending from 350 nm to 600 nm (~50%). This increase can be due to better optical coupling of the incident light with the active layer through LSPR of Au as inferred from the PL spectral analysis. Even though there is an improvement in absorption for ITO/Au/MoO 3 /P3HT:PCBM compared to ITO/MoO 3 /P3HT:PCBM in the wavelength region 650 nm to 750 nm, there is no significant improvement EQE. This can be due to limited improvement in weekly bound excitons produce due to midgap states of PCBM. The short circuit current density (Jsc) is calculated using the EQE spectra (5.95 mA/cm 2 [28] . Hence the improvement in Jsc can be attributed to the reduced series resistance and improved absorption of active layer by LSPR fields of Au [29, 30] extending to active layer through thin layer of MoO 3 . Voc depends mostly on recombination (the difference between the highest occupied molecular orbital (HOMO) energy level of donor and lowest unoccupied molecular orbital (LUMO) of acceptor will not vary as same active layers are used) and remain more or less same with the introduction of Au nanoparticle at the ITO/MoO 3 interface. This shows a reduced influence of enhanced absorption due to LSPR on the recombination in the bulk of the active layer. Fill factor of the device depend on the effectiveness of charge transport, shunt resistance and series resistance [31, 32] . Improved values of external photocurrent, shunt resistance and series resistance can be the reason for 48% FF of Au incorporated devices compared to 42% of the device without Au nanoparticle. Enhanced absorption of active layer via strongly enhanced local electromagnetic field in the vicinity of Au nanoparticles results in 16% increase in short circuit current (Jsc) and 25% increase in power conversion efficiency after the incorporation of Au nanoparticles in the solar cells. A large number of devices (~150) were made to test the reproducibility and a histogram of the performance of the devices is given in Figure 4 (b).
In conclusion, the effect of incorporation of Aunanoparticles at the ITO/MoO 3 interface was studied using P3HT: PCBM based OPVs made in ambient air conditions as a model system. An increase in short circuit current (Isc) of 16% and a 25% in power conversion efficiency was observed after incorporating the Au nanoparticles. The reason for the enhancement may be attributed as the enhancement in absorption due to LSPR coupling of Au nanoparticle with active layer, which has been supported by the enhancement in EQE.
